The polycomb group family protein BMI-1 is overexpressed by and functions as an oncogene in many different human cancers. We have previously shown that BMI-1 promotes the tumorigenicity of Ewing sarcoma family tumors (ESFTs) and that this is mediated independently of CDKN2A repression. In this study, we have discovered that high levels of BMI-1 confer resistance to contact inhibition in ESFT cells. Using stable retroviral transduction, we evaluated the consequences of BMI-1 knockdown on the growth of CDKN2A wild-type and mutant ESFT cells in subconfluent and confluent conditions. Although knockdown of BMI-1 had no effect on proliferation in low-density cultures, at high cell densities it resulted in cell cycle arrest and death. The normal cell contact inhibition response is mediated, in large part, by the recently described Hippo pathway which functions to inhibit cell proliferation and promote cell death by inactivating the Yes-Associated Protein (YAP). Significantly, we found that YAP levels, activity and expression did not diminish in confluent ESFT cells that expressed high levels of BMI-1. In contrast, YAP expression and nuclear localization were reduced in confluent BMI-1 knockdown cells suggesting that silencing of BMI-1 restored contact inhibition by restoring normal activation of the Hippo-YAP growth-suppressor pathway. Importantly, knockdown of YAP in ESFT cells resulted in profound inhibition of cell proliferation and anchorage-independent colony formation suggesting that stabilization and continued expression of YAP is critical for ESFT growth and tumorigenicity. Together, these studies reveal a previously unrecognized link between BMI-1, contact inhibition and the Hippo-YAP pathway and suggest that resistance to contact inhibition in BMI-1 overexpressing cancer cells may be in part a result of Hippo inhibition and aberrant stabilization of YAP.
Introduction
Ewing sarcoma family tumors (ESFTs) are poorly differentiated bone and soft tissue tumors that primarily occur in pediatric and young adult patients. Despite highly toxic multimodal treatment regimens, the overall survival for patients with ESFT remains 70% for localized tumors and only 20% for metastatic disease (Ban et al., 2006; Balamuth and Womer, 2010) . Unfortunately, survivors of ESFT often suffer significant long-term side effects related to their curative therapy and new therapeutic approaches for these tumors are desperately needed (Balamuth and Womer, 2010) . Importantly, recent data support a neural crest and/or mesenchymal stem cell origin of ESFT and deregulation of stem cell-associated genes and pathways contribute to tumor pathogenesis (Meltzer, 2007; Tirode et al., 2007; Douglas et al., 2008; Richter et al., 2009) . Understanding the mechanisms of function of stem cell genes in ESFT initiation and progression is likely to identify novel therapeutic molecular targets.
The self-renewal gene and polycomb group family member BMI-1 is highly expressed by many human cancers where it functions as an oncogene (Gil et al., 2005) . BMI-1 promotes stem cell self-renewal and malignant transformation in part via epigenetic repression of the CDKN2A locus, thus inhibiting expression of the cell cycle inhibitors p16INK4A and p14ARF (Jacobs et al., 1999a, b) . Importantly, however, we have found that although ESFT overexpress BMI-1, its oncogenic function in established tumors is largely independent of CDKN2A repression and is mediated, in part, through altered cell adhesion (Douglas et al., 2008) . Consistent with this observation, other groups have shown that BMI-1 may exert its oncogenic function by affecting developmental and growth signaling pathways irrespective of CDKN2A status (Bruggeman et al., 2007; Datta et al., 2007; Wiederschain et al., 2007) . In addition, recent data support roles for BMI-1 in regulating oxidative stress, mitochondrial function and DNA damage response (Chatoo et al., 2009; Liu et al., 2009) . In this study we have discovered that high levels of BMI-1 in ESFT confer resistance to contact inhibition.
Results and discussion
Cancer cells fail to undergo cell contact inhibition, a phenomenon that restricts the in vitro growth of normal cells at confluence (Abercrombie and Heaysman, 1954; Abercrombie and Ambrose, 1958) . Loss of cell contact inhibition can, therefore, lead to cancerous outgrowth and invasion (Eagle and Levine, 1967; Abercrombie, 1979; Silletti et al., 1995) . To assess whether BMI-1 contributes to loss of cell contact inhibition, we monitored the growth of ESFT cells following BMI-1 knockdown (Figure 1a) . Consistent with our earlier findings (Douglas et al., 2008) , knockdown of BMI-1 had no effect on cell expansion in cells grown in subconfluent monolayers (Figure 1b) . In contrast, confluent cells displayed dramatic changes in growth and phenotype (Figures 1c and d) . Specifically, on reaching confluence growth of BMI-1 knockdown cells ceased while control cells continued to divide (Figure 1c ). In addition, when maintained in culture BMI-1 suppresses contact inhibition and stabilizes YAP JH Hsu and ER Lawlor beyond confluence, BMI-1 knockdown cells lifted off cell culture dishes in sheets and cells adopted the rounded-up appearance of dying cells (Figure 1d ). Importantly, despite their different genetic backgrounds (TC71 cell line is CDKN2A-null, TP53 mutant whereas CHLA9 cells are CDKN2A, TP53 wild-type) the effects of BMI-1 knockdown on contact inhibition were similar indicating that BMI-1 contributes to avoidance of contact inhibition and that this is mediated through mechanisms that are, at least in part, independent of CDKN2A repression.
To further characterize the growth inhibitory effects of BMI-1 knockdown in confluent cultures, we assessed cell death and proliferation in low-and high-density cultures. Trypan blue exclusion assays confirmed that viability was diminished in BMI-1 knockdown cells, but only after they reached confluence (Figure 2a ). In addition, cell cycle analyses revealed that on reaching confluence, BMI-1 knockdown TC71 cells underwent a G1 cell cycle arrest (Figure 2c ), which was rapidly followed by loss of attachment to cell culture plates and massive cell death (see Figure 1d ). Analysis of CHLA9 cells revealed similar, although not identical findings (see Supplementary Figure 1 ). At both low and high cell density nearly 40% of control CHLA9 cells were actively cycling (Supplementary Figure 1A) . However, on reaching confluence BMI-1 knockdown CHLA9 cells experienced overwhelming cell death as evidenced by a marked increase in floating cells (see Figure 1d) , and an increased frequency of cells with sub-G1 DNA content (Supplementary Figure 1B) . Thus, in both cell lines, cell death was induced at confluence in BMI-1 knockdown populations. In TC71 cells this death was preceded by G1-arrest that was not detected in CHLA9 cells. We speculate that the wild-type p53 status of CHLA9 cells may have contributed to a more rapid cell death and prevented detection of prior G1 arrest. Elucidation of the potential contribution of the p53 pathway to contact inhibition-induced cell death requires further study.
Although loss of contact inhibition has long been recognized as a fundamental property of transformed cells, the molecular mechanisms underlying this phenomenon are only now being elucidated. In particular, recent studies have shown that the growth-regulating Hippo pathway is a key mediator of contact inhibition that is highly evolutionarily conserved (reviewed in Zhao et al., 2010a) . Activation of serine/threonine kinases within the Hippo pathway results in phosphorylation and inactivation of the transcriptional co-activator Yorkie (in Drosophila) or Yes-associated protein (YAP; in mammals) (Zhao et al., 2010a) . Appropriate phosphorylation, cytoplasmic retention and degradation of Yorkie/YAP are developmentally critical for the control of normal organ size and deregulation of this process can contribute to tumorigenesis (reviewed in Zhao et al., 2010a) Indeed the YAP1 gene is highly expressed by a number of human cancers and recent reports implicate YAP as a growth-promoting oncogene in human cancer (Snijders et al., 2005; Zender et al., 2006; Fernandez et al., 2009) .
Given the central role for the Hippo-YAP pathway in contact inhibition we investigated whether knockdown of BMI-1 induced changes in expression of YAP in confluent ESFT cells. Although no significant change in transcript levels was observed (Supplementary Figure  2A) , BMI-1 knockdown cells demonstrated progressive downregulation of YAP protein as cell density increased ( Figure 3a ). In contrast, YAP levels remained high in control cells (Figure 3a ). In addition, expression of putative YAP target genes MYC and BIRC2 remained high in confluent control cells, but was reduced in BMI-1 knockdown cells (Supplementary Figure 2B) . Thus, our data confirm that avoidance of contact inhibition in BMI-1 overexpressing ESFT cells is associated with stabilization of YAP. Interestingly, we also observed a marked reduction in BMI-1 expression in confluent BMI-1 knockdown cells (Figure 3a ). Like YAP, reduced BMI-1 was not associated with consistently reduced levels of the BMI-1 transcript (Supplementary Figure 2A ) suggesting that the contact inhibition response in BMI-1 knockdown cells may have been further amplified by degradation of the BMI-1 protein itself. Whether BMI-1 and YAP degradation are controlled by the same effector pathways and/or a positive feedback loop exists between BMI-1 and YAP to potentiate growth inhibition in conditions of confluence is an intriguing question that requires further study. Figure 1 Knockdown of BMI-1 inhibits growth of ESFT at high cell density. (a) TC71 and CHLA9 ESFT cells were transduced with pSuper (Oligoengine, Seattle, WA, USA) short-hairpin RNA retroviral vectors containing inactive non-silencing (shNS) or BMI-1-targeted sequence (shBMI-1) and selected in puromycin as previously described (Douglas et al., 2008) . Western blot was performed to confirm BMI-1 knockdown. Anti-BMI-1 antibody was from Millipore (Temecula, CA, USA) and GAPDH antibody from Cell Signaling Technology (Danvers, MA, USA). (b) Between 100 000 and 200 000 shNS and shBMI-1 ESFT cells were seeded onto poly-L lysine-coated six-well tissue culture plates for cell counting under subconfluent/low cell density conditions. Cells were maintained in RPMI, 5% fetal bovine serum, L-glutamine, penicillin/streptomycin (Cellgro Mediatech, Manassas, VA, USA) and counted over a period of 5-6 days using a ViCell XR cell counter (Beckman Coulter, Brea, CA, USA). At least three biological replicates were counted at the indicated time points and the means ± s.e.m. were plotted using GraphPad Prism (GraphPad Software, Inc., La Jolla, CA, USA). Knockdown of BMI-1 had no effect on the expansion of either TC71 or CHLA9 cells grown in subconfluent conditions. (c) Between 1.5 and 2.0 million shNS and shBMI-1 ESFT cells were seeded as in panel b for cell counting under high-cell density conditions. Cells reached confluence at 2-days post seeding. Assessment of cell number was determined as in panel b. Knockdown of BMI-1 significantly inhibited the growth of post-confluent ESFT cells. (d) Cells were plated at high density as in panel c and phase contrast images (100 Â ) of confluent cells taken after 4 (TC71) or 5 days (CHLA9) in culture. Selected images are representative of the appearance of postconfluent ESFT cultures. In particular, while control cells remained healthy and formed foci, confluent BMI-1 knockdown cells lifted off the culture plates and underwent cell death.
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Hippo pathway-mediated inactivation of YAP is in part a consequence of YAP phosphorylation at serine 127 by the serine/threonine kinase LATS1, which leads to YAP cytoplasmic retention (reviewed in Zhao et al., 2010a) . Therefore, to begin to elucidate the mechanism of aberrant YAP stabilization in BMI-1 overexpressing cells we evaluated expression of phosphorylated YAP and LATS1, as well as YAP subcellular localization. Notably, both pYAP-S127 and pLATS1 levels increased at high cell density in confluent control and BMI-1 knockdown cells indicating that in both conditions the Hippo cascade was activated at confluence. However, comparison of the relative levels of pYAP-S127 and pLATS1 compared with total YAP and LATS1 demonstrated that the relative expression levels of phosphorylated proteins were markedly increased in cells with reduced expression of BMI-1 (Figure 3b) . Thus, these findings show that high levels of BMI-1 Figure 2 Loss of BMI-1 induces death and cell cycle arrest. (a) To assess cell viability of the low and high cell density cultures, cells were seeded and maintained as described in Figures 1b and c , respectively. Cells grown under low-cell density conditions were collected for analysis at 5-days post seeding. Cells grown under high-cell density conditions were harvested and analyzed immediately post confluence (4 and 6 days after seeding for TC71 and CHLA9 cells, respectively). Trypan-blue cell viability assay was performed using a ViCell XR cell counter (Beckman Coulter). Statistical significance of triplicate experiments was determined by Student's t-test and histograms are mean±s.e.m. As shown, viability of BMI-1 knockdown cells was reproducibly decreased only in high-density cultures. (b, c) TC71 ESFT cells were seeded under low and high cell density conditions as detailed in Figure 1 . Cells grown under low-cell density condition were collected and fixed for cell cycle analysis at 1 day after plating. Cells grown under high-cell density condition were analyzed after 3 days in culture. Cell fixation and analysis of DNA content by flow cytometry were performed as previously described (Douglas et al., 2008) . Cell cycle profile was modeled and processed using Flow-Jo software (Tree star, Inc., Ashland, OR, USA), and representative images of each experimental condition are shown. The estimated percentage ± s.d. of G1, S, G2/M and Sub-G1 populations for three replicate experiments are included beneath each plot. The percentage of cycling cells (S þ G2/M) was equivalent in control cells in both low and high cell density conditions (b). Significantly, however, BMI-1 knockdown cells underwent a G1 cell cycle arrest at confluence in high cell density cultures (c).
inhibit, but do not completely block, activation of the Hippo kinase pathway in confluent ESFT cells. Although phosphorylation of S127 is a key target of LATS1 activity, recent data suggest that phosphorylation of YAP at alternate residues by LATS1 and other effector kinases can also contribute to its destabilization (Zhao et al., 2010b) . In particular, CK1-mediated phosphorylation of S381 has been implicated as a key effector of YAP degradation (Zhao et al., 2010b) . Although we observed no change in the CK1 levels in BMI-1 knockdown cells at low or high density (not shown), it remains possible that alternate mechanisms Figure 3 High levels of BMI-1 stabilize YAP and inhibit activation of Hippo at confluence. (a) Cells were seeded under low (thin bar) and high cell density (thick bar) conditions as described above and harvested at the indicated time points. Total protein lysates were extracted in RIPA buffer and analyzed for total YAP protein expression by western blot using an anti-YAP antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA). Whereas no change in YAP was detected in control cells over time, YAP protein expression in BMI-1 knockdown cells diminished at high cell density. Notably, BMI-1 levels also decreased with increasing cell density in confluent BMI-1 knockdown cultures. (b) To assess the relative levels of YAP and LATS1 phosphorylation in different growth conditions, cells were seeded at low (L) or high (H) cell density conditions as described above. Protein lysates were isolated at 4-days post seeding and phospho-LATS1 (pLATS1 (S909)) and phospho-YAP (pYAP(S127)) protein levels were analyzed by western blot using phosphospecific antibodies (Cell Signaling). Total LATS1 and total YAP protein were detected using anti-LATS1 (Abcam Inc, Cambridge, MA, USA) and anti-YAP (Santa Cruz Biotechnology) antibodies. The relative expression of each phosphorylated protein was quantified relative to the respective total protein by densitometry (ImageJ software, NIH, Bethesda, MD, USA) and results expressed as a ratio of phospho/total protein. Notably, in both control and BMI-1 knockdown cells relative levels of pLATS1(S909) and pYAP(S127) increased at high cell density. However, the degree of induction of pLATS1(S909) and pYAP(S127) was substantially increased in confluent BMI-1 knockdown cells.
and post-translational modifications might also contribute to stabilization of YAP in BMI-1 overexpressing ESFT cells. Next, we assessed whether stabilization of YAP in confluent cells was associated with altered subcellular localization. As expected, YAP was predominantly present in nuclear region in subconfluent ESFT cells (not shown). Unexpectedly, however, we found that pYAP-S127 was also readily detected in cell nuclei, including cells at confluence (Supplementary Figure 3A  and B) . Importantly, however, in contrast to control cells, in BMI-1 knockdown cells nuclear expression of YAP and pYAP-S127 was reduced in high-density cultures (Supplementary Figure 3B) . These data suggest that high levels of BMI-1 might directly and/or indirectly, promote nuclear retention of YAP and pYAP-S127. In support of this possibility BMI-1 and pYAP-S127 seem to co-localize in the nuclei of confluent ESFT cells (Supplementary Figure 3A) , and immunoprecipitation studies suggest that YAP physically associates with BMI-1 in ESFT cells in vivo (Supplementary Figure 3C ). Thus, in addition to relative inhibition of Hippo pathway activation these studies suggest that high levels of BMI-1 contribute to aberrant stabilization of YAP by promoting YAP sequestration in the nucleus.
Knockdown of BMI-1 in ESFT cells inhibits their tumorigenic potential (Douglas et al., 2008) . Given our observation that BMI-1 stabilizes YAP and that YAP functions as an oncogene in several human cancers (reviewed in Zhao et al., 2010a), we hypothesized that YAP might also function as an important oncogene in ESFT. To assess the potential oncogenic function of YAP in ESFT cells, we induced stable knockdown of YAP in TC71 and CHLA9 cells using two different short-hairpin RNA lentiviral vectors and assessed the effects of loss of YAP on ESFT cell proliferation and anchorage-independent growth (Figure 4) . Consistent with its role as a growth promoter, we observed a profound, dose-dependent inhibition of cell proliferation in YAP knockdown cells (Figure 4b ). In addition, cell viability was also reduced in a dose-dependent manner following knockdown of YAP (Figure 4c) . Moreover, TC71 and CHLA9 cells with reduced levels of YAP demonstrated a marked reduction in colony formation in soft agar (Figure 4d ). Impaired anchorageindependent colony formation in vitro was also observed in two additional ESFT cell lines (A4573 and A673) that were similarly genetically modified to express reduced levels of YAP (data not shown). These studies confirm that YAP functions as a potent oncogene in ESFT and support the hypothesis that stabilization of YAP by BMI-1, either alone or in combination with other as yet unidentified factors, contributes to ESFT tumorigenicity.
Taken together our studies show that ESFT cells that express high levels of BMI-1 avoid contact inhibition and that this is mediated, at least in part, by inhibition of Hippo pathway activation and stabilization of YAP. The precise molecular mechanisms by which BMI-1 inhibits Hippo remain to be elucidated. Indeed, identification of the molecular components responsible for sensing cell-cell contact and initiating the Hippo-YAP pathway in mammalian cell remains an area of intense investigation. Engagement of several cytoskeletonrelated proteins in Drosophila, including Merlin (Mer), Expanded (Ex) and Kibra-along with Mer and Ex homologs Nf2 and Frmd6 in mammalian cells-have been implicated directly or indirectly in contact inhibition and Hippo activation (Morrison et al., 2001; Hamaratoglu et al., 2006; Striedinger et al., 2008; Badouel et al., 2009; Baumgartner et al., 2010; Genevet et al., 2010; Yu et al., 2010; Zhang et al., 2010) . Significantly, we have previously observed that knockdown of BMI-1 in ESFT cells has a profound effect on expression of genes involved in cell adhesion (Douglas et al., 2008) . Thus, it is conceivable that by altering expression of cell adhesion genes, high levels of BMI-1 might alter cytoskeletal protein engagement and thereby inactivate contact inhibition at the level of the cell surface. Ongoing studies are underway to investigate this possibility. With respect to our observation that stabilization of YAP might involve direct proteinprotein interactions between YAP and BMI-1, it is noteworthy that polycomb group proteins have been shown to physically interact with members of the Hippo signaling cascade in Drosophila (Parrish et al., 2007) . It will be interesting to learn whether BMI-1 or other polycomb proteins also interact with upstream members of the Hippo pathway in mammalian cells. In addition, given that BMI-1, along with other polycomb family members, functions to alter chromatin structure in part through mono-ubiquitination of histone H2A at lysine 119 (Bracken and Helin, 2009) , the possibility that BMI-1, either by itself or as a member of the PRC1 complex, might post translationally modify YAP to stabilize its function is worthy of further investigation.
Loss of BMI-1 can trigger premature differentiation of multipotent stem/progenitor cells (Pietersen et al., 2008; Oguro et al., 2010) , and contact inhibition is a characteristic feature of more differentiated cell types (Rodesch, 1973; Lim et al., 1981) . Knockdown of BMI-1 in ESFT cells results in upregulation of differentiation genes (Douglas et al., 2008) . Therefore, it is possible that knockdown of BMI-1 in these cells induces a degree of differentiation that restores activation of contact inhibition pathways, such as Hippo-YAP. Importantly, a recent study of murine embryonic stem cells demonstrated a critical role for YAP in activation of stem cell genes, leading the authors to speculate that YAP might also have a role in mediating the self renewal of tissuespecific stem cells (Lian et al., 2010) . Indeed, it has been shown that YAP is preferentially expressed in the progenitor compartment of the intestine (Camargo et al., 2007) , and in preliminary studies we have found that YAP1 is highly expressed by both neural crest and mesenchymal stem cells (unpublished data). Thus, we speculate that YAP might have an important role in promoting the self-renewal of both these putative cells of origin of ESFT, as well as established ESFT cells themselves. Further studies are now required to address this novel hypothesis.
In conclusion, in this study we have identified a previously unreported link between the polycomb group protein BMI-1, contact inhibition and the Hippo-YAP pathway. Our observation that continued high-level expression of YAP is necessary for ESFT cell proliferation and anchorage-independent growth, implicate YAP as an important oncogene in ESFT and a potentially critical effector of BMI-1-mediated tumorigenicity. It Figure 4 YAP functions as an oncogene in ESFT. (a) TC71 and CHLA9 ESFT cells were transduced with two different pLKO.1-puro lenti-viral short hairpin RNAs vectors (Sigma-Aldrich, St Louis, MO, USA) designed to target YAP1. short hairpin RNA insert sequences were: shYAP#1-CCGGGCCACCAAGCTAGATAAAGAACTCGAGTTCTTTATCTAGCTTGGTGGCTTTTT G and shYAP#2-CCGGCCCAGTTAAATGTTCACCAATCTCGAGATTGGTGAACATTTAACTGGGTTTTTG. Control cells were transduced with a non-silencing small hairpin RNA control vector (shNS) containing the inert sequence-CCGGCAACAAGATGAA GAGCACCAACTCGAGTTGGTGCTCTTCATCTTGTTGTTTT. Lenti-virus packaging and transduction were performed following standard protocols. Briefly, lenti-viral supernatant was produced by co-transfecting the vector plasmid with packaging plasmids pCD/NL-BH (gag-pol) and pMD2.G (VSV-G env) (both from Addgene, Cambridge, MA, USA) in 293FT cells. Viral supernatant was collected at 48-h post transfection and diluted with growth medium in a 1:3 or 1:5 ratio. Cells were infected with diluted virus and selected with 2 mg/ml of puromycin before further experimental manipulation. Analysis by western blot at 3 days after transduction confirms knockdown of YAP in both shYAP#1 and shYAP#2 populations with more profound silencing in shYAP#1 transduced cells. (b) Between 100 000 and 200 000 ESFT cells were seeded onto poly-L lysine-coated six-well dishes. The proliferation of YAP knockdown TC71 and CHLA9 ESFT cells was monitored by cell counting over a period of 7-9 days. Loss of YAP expression resulted in a highly significant and dose-dependent inhibition of cell growth (Error bar ¼ s.e.m.). (c) Control and YAP knockdown cells were plated on six-well plates as described in panel b and then harvested after 5 days for assessment of cell viability by trypan-blue exclusion as described in Figure 2a . Loss of YAP led to a significant decrease in cell viability in both TC71 and CHLA9 cell lines. (Error bar ¼ s.e.m.) (d) 5000 (TC71) or 20 000 (CHLA9) control and YAP knockdown cells were seeded in soft agar as previously described (Douglas et al., 2008) , and colony formation was monitored for 4-weeks post seeding. Cells were fed weekly with 0.35% noble agar containing Iscove's medium, 10% fetal bovine serum, L-glutamine, penicillin/streptomycin (Cellgro Mediatech) and 2 mg/ml of puromycin (InvivoGen, San Diego, CA, USA). Loss of YAP inhibited anchorage independent colony formation in both TC71 and CHLA9 cell lines. Images are representative of three independent experiments. BMI-1 suppresses contact inhibition and stabilizes YAP JH Hsu and ER Lawlor will be interesting to learn whether BMI-1-mediated stabilization of YAP and prevention of contact inhibition contribute to the pathogenesis of other human cancers and to the tumorigenicity and invasiveness of BMI-1-positive cancer stem cells.
